ABSTRACT: Monodisperse epichlorohydrin (ECH)-modified magnetic Fe 3 O 4 microspheres (Fe 3 O 4 -ECH-n, where n indicates the initial ECH-to-Fe molar ratio) were prepared by a one-step solvothermal method using mono-ethylene glycol. ECH was grafted onto the surface of Fe 3 O 4 microspheres by in situ dehydrochlorination and hydrolysis. The ECH-derived organic groups (e.g. 1, 2-dihydroxypropyl) provide surface functional sites for the adsorption of Cu 2+ on Fe 3 O 4 -ECH-n. The Fe 3 O 4 -ECH-0.8 microspheres were found to have the highest Cu 2+ adsorption capacity (17.5 mg/g), and were magnetically recoverable and reusable for Cu 2+ adsorption for at least seven times without significant loss in their adsorption capacity. The addition of 2.5 wt% of NaCl significantly enhanced its Cu 2+ adsorption (from 17.5 to 28.5 mg/g). The apparent activation energy of the adsorption process was 14.7 kJ mol ). The negative value of DG°e nsures that the adsorption occurs spontaneously.
INTRODUCTION
Monodisperse Fe 3 O 4 microspheres measuring 200-800 nm were first synthesized by a solvothermal method using mono-ethylene glycol (MEG) by Deng et al. (2005) . These microspheres have great potential as magnetic adsorbents or magnetic carriers due to their magnetic property, chemical stability and biocompatibility (Gawande et al. 2013; Giakisikli and Anthemidis 2013; Ma et al. 2014; Tang and Lo 2013; Teixeira et al. 2012; Xu et al. 2013; Yang et al. 2011) . They have been applied in various applications in the fields of magnetic separation, biotechnology, environmental remediation and catalysis; for example, ethylenediaminetetraacetic acid-modified Fe 3 O 4 microspheres were used as a magnetic adsorbent for the removal of heavymetal ions from wastewater (Chen et al. 2014b; Liu et al. 2013) ; Fe 3 O 4 @nSiO 2 @mSiO 2 microspheres were used as a reusable absorbent for fast, convenient and high-efficient removal of microcystins (Deng et al. 2007) ; citrate-stabilized Fe 3 O 4 microspheres were used for efficient and convenient enrichment of trace peptides (Liu et al. 2009 ); poly(methyl methacrylate)-modified Fe 3 O 4 microspheres were used as an effective drug-delivery carrier for the anticancer drug doxorubicin ); Fe 3 O 4 @polyaniline@Au microspheres were used as a magnetically recoverable reduction catalyst (Xuan et al. 2009 ) and chitosan-modified Fe 3 O 4 microspheres were used as a replacement for enzymes in immunosorbent assay (Gao et al. 2008) .
Surface functionalization of Fe 3 O 4 microspheres is crucial for downstream applications. They were usually modified by inorganic shells (e.g. silica and carbon; Deng et al. 2007 Deng et al. , 2010 Kong et al. 2010; Ou et al. 2012; Shao et al. 2011; Tristão et al. 2011; Xuan et al. 2007; Yao et al. 2012; Zhu and Diao 2011) or by organic groups (e.g. carboxylic or amine groups; Gao et al. 2008; Gupta et al. 2014; Liu et al. 2009; Wang et al. 2006; Xin et al. 2012; Xuan et al. 2009 Xia et al. 2014) . Third, the adsorbed Cu 2+ on ECH-modified Fe 3 O 4 microspheres are precursors to prepare Cu nanocatalysts for the synthesis of useful organic compounds (e.g. diaryl sulphides, 1, 2, 3-triazoles; Nasir Baig and Varma 2012a, b). Therefore, systematic investigations were carried out concerning the synthesis and Cu 2+ adsorption properties of ECH-modified Fe 3 O 4 microspheres in this work (including the effects of ECH loading amount, temperature, time and co-existing ions on adsorption, adsorption thermodynamics and kinetics and reusability) with the aim of obtaining detailed information about the adsorption mechanism and achieving the highest adsorption capacity of Cu 2+ for further adsorption and catalysis applications.
EXPERIMENTAL ANALYSIS 2.1. Synthesis of ECH-Modified Fe 3 O 4 Microspheres
All chemicals and reagents were of analytical grade and purchased from Sinopharm Chemical Reagent Co. Ltd. In a typical procedure, FeCl 3 ·6H 2 O (3.708 g, 13.70 mmol) and NaAc (3.602 g, 43.93 mmol) were first stirred in 9 ml of MEG at 50 °C for 1 hour. Then 0.5-3.0 g (5.41-32.43 mmol) of ECH was added and stirred for another 10 minutes. The whole mixture was heated in a 60-ml Teflon-lined stainless-steel autoclave at 198 °C for 14 hours, and then quenched to room temperature. 
Characterization Methods
The X-ray diffraction (XRD) patterns were collected on Bruker D8 ADVANCE Diffractometer with Cu-K a (0.15406 nm) radiation at 30 kV and 20 mA. The scanning electron microscopy (SEM) images were obtained on JEOL JSM-5510LV scanning electron microscope. The magnetic properties were investigated on JDAW-2000D vibrating sample magnetometer by sweeping the external field between +8 and -8 kOe at room temperature.
Adsorption of Cu 2+ on Fe 3 O 4 -ECH-n Microspheres
The Fe 3 O 4 -ECH-n microspheres (0.2 g) were stirred in 40 ml of 0.1 wt% Cu 2+ aqueous solution at 25-75 °C for 1-4 hours. The concentration of Cu 2+ (0.1 wt%) was in the range in which a saturation plateau of adsorption has been reached. The adsorbed amount of Cu 2+ (Q in mg/g) was calculated using the following equation:
where C 0 and C are the molar concentration of Cu 2+ in the solution before and after adsorption (both in mol l -1 ), respectively; V is the volume of the solution (ml) and W is the mass of the Fe 3 O 4 -ECH-n microspheres (g). The Cu 2+ content in the solution was analyzed by indirect titration using Na 2 S 2 O 3 standard solution with I 2 -starch as indicator.
RESULTS AND DISCUSSION

Characterization of Fe 3 O 4 -ECH-n Microspheres
The effect of the initial ECH-to-Fe molar ratio (i.e. n) on the synthesis of Fe 3 O 4 -ECH-n microspheres was investigated by gradually increasing the amount of ECH while keeping the other parameters unchanged in the reaction system. The XRD patterns of 
Effect of Time and Temperature on Cu 2+ Adsorption
As revealed in Figures 4 and 5, the adsorption equilibrium could be established within 3 hours when the adsorption was carried out in the temperature range of 25-75 °C. The Cu 2+ adsorption capacity increases with the increase of adsorption temperature and the most pronounced change occurs between 50 and 75 °C [ Figure 5(a) ], which suggests that the Cu 2+ adsorption on Fe 3 O 4 -ECH-0.8 microspheres is endothermic in nature. Further increase in the temperature above 75 °C cannot improve the Cu 2+ adsorption on Fe 3 O 4 -ECH-0.8 microspheres.
Adsorption Kinetic and Thermodynamic Parameters
Assuming the first-order kinetics for the adsorption process, ln(C 0 /C t ) is plotted against t, where C 0 and C t are the Cu 2+ molar concentration in the solution at the beginning and after t-hour adsorption, respectively. The linear plots in Figure 5 (b) confirm the same (all linear correlation coefficients were at least 0.99). The first-order rate constant of the adsorption (k 1 in Table 2 ) obtained from the slope of the line increases with increasing temperature. According to the Arrhenius equation, lnk 1 = -E a /RT + lnA, the apparent activation energy (E a ) of the adsorption is calculated to be 14.7 kJ mol -1
. It implies that adsorption occurs more readily as compared to typical chemical reactions with E a of 65-250 kJ mol -1 (Yu et al. 2001 ). According to the equation, ln(q e /C e ) = DS°/R -DH°/(RT) (Bhattacharyya and Sharma 2005; Khan et al. 1995; Saleem et al. 1992; Yu et al. 2001) ; the changes in standard enthalpy (DH°) and entropy (DS°) of the adsorption are calculated to be 11.8 kJ mol -1 and 56.8 J mol -1 K -1 , respectively, indicating that the Cu 2+ adsorption is endothermic and results in an increase in the entropy.
The change in standard Gibbs free energy (DG°) of adsorption was calculated by DG°= DH° -TDS°. As presented in Table 2 , the negative value of the DG° value ensures the spontaneity of the adsorption process in the temperature range of 25-75 °C. The DG° value decreases from -5.11 to -7.95 kJ mol -1 as the temperature increases from 25 to 75 °C, which is consistent with the endothermic nature of the adsorption process.
Mechanism of Cu 2+ Adsorption
Small values of E a (14.7 kJ mol -1
) and DH° (11.8 kJ mol Indeed, after the adsorption of Cu 2+ on Fe 3 O 4 -ECH-0.8, the pH value of the solution reduces from 4.60 to 3.50, indicating the release of H + from Fe 3 O 4 -ECH-0.8 into the solution. Assuming the exchanging molar ratio between 1,2-dihydroxypropyl and Cu 2+ is 1, the amount of exchange of 1,2-dihydroxypropyl groups on the surface of Fe 3 O 4 -ECH-0.8 is calculated from the Cu 2+ adsorption capacity of 17.5 mg g -1 to be 2.0 wt%. Compared with the total organic content of approximately 3.4 wt%, it implies that about half of the surface organic groups are available for Cu 2+ adsorption at 75 °C. The adsorption process resulted in an increase in the entropy value of 56.8 J mol -1 K -1 . Usually adsorption of gases on solids is accompanied by a decrease in entropy as the molecules from the disordered gaseous state find an ordered arrangement on the surface of the solid. In the case of Cu 2+ adsorption from the aqueous solution on Fe 3 O 4 -ECH-0.8, the increase in the entropy may be due to the weaker electrostatic interaction between Cu 2+ and the surface of Fe 3 O 4 -ECH-0.8 as compared with the initial surface groups of 1, 2-dihydroxypropyl (Scheme 1). The difference in the mobility of hydrated H + and Cu 2+ in the aqueous solution may also contribute to the increase in the entropy of the adsorption. Despite being endothermic in nature, the positive value of DS° makes the adsorption thermodynamically feasible. 
Reusability of Fe
Influence of Co-existing Cations on Cu 2+ Adsorption
It is interesting to note that the addition of 2. ) calculated from the total organic content of approximately 3.4 wt%.
The significant enhancement of the Cu 2+ adsorption capacity by the addition of NaCl should be related to the formation of electrical double layers on the surface of Fe 3 O 4 -ECH-0.8 particles that is negatively charged following deprotonation. Positive ions in the solution tend to balance the negative surface charge and form electrical double layers, which include the inner Stern layer and the outer diffusion layer. The cations in the inner Stern layer are rigidly held by strong electrical interaction, and are the main contributors to the Cu 2+ adsorption capacity. By contrast, the cations in the outer diffusion layer tend to diffuse into the solution until the counter potential set up by their departure restricts this tendency. The addition of NaCl (2.5 wt%) increases the ionic strength of the solution, compresses the diffusion layer and drives more Cu 2+ into the Stern layer. Therefore, it significantly increases the Cu 2+ adsorption capacity of Fe 3 O 4 -ECH-0.8 microspheres. 
CONCLUSIONS
Monodisperse magnetic Fe 3 O 4 -ECH-n microspheres measuring 0.35-0.42 mm in diameter were prepared by a one-step ECH-modified solvothermal method using MEG. The ECH is grafted onto the surface of Fe 3 O 4 by in situ dehydrochlorination and hydrolysis under basic conditions. The surface organic groups (e.g. 1,2-dihydroxypropyl) not only prevent Fe 3 O 4 -ECH-n microspheres from aggregating, but also provide surface functional sites for the adsorption of Cu 2+ by proton exchange. The Cu 2+ adsorption on Fe 3 O 4 -ECH-n microspheres occurs spontaneously and is significantly enhanced by the addition of 2.5 wt% of NaCl. The stable Fe 3 O 4 -ECH-n microspheres combine the rich chemistry of vicinal hydroxyl groups with magnetic properties, and are expected to find a wide range of applications (e.g. adsorption of environmental pollutants and bioseparation).
